Mild digestion of chicken erythrocyte nuclei with deoxyribonuclease II results in the release of a chromatin fraction which is 4-to 13-fold enriched for the globin coding sequences when compared to total chicken DNA. The remaining nuclear pellet is depleted in these sequences. A maximum of 25% of the globin genes have been recovered in the released fraction. The addition of 5 mM sodium butyrate to the digestion buffer is required to obtain reproducible globin gene enrichment. The released fraction contains equimolar amounts of the four core hi stones and a subset of the nonhistone chromosomal proteins. The globin genes are released as large chromatin fragments which exceed the 1.6 kilobase size of the transcribed portion of the gene.
INTRODUCTION
The factors which enable some genes in a cell to be a template for DNA dependent RNA polymerase II are not yet known. One approach to studying the transcribed gene would be to separate the transcriptionally active from nontranscribing chromatin and study the differences. For many years investigators have been attempting to fractionate chromatin by a variety of procedures involving fragmentation of the chromatin by sonication or mild nuclease digestion followed by fractionation based on differential solubility, sedimentation, or chromatographic properties. Recently, several laboratories have reported isolation of a transcriptionally active chromatin fraction using a specific gene probe as a marker for this fraction (1,2,3,4,5).
One method of fractionation was based on the suggestion that mild DNase II digestion followed by Mg precipitation of the bulk of the chromatin might lead to the release of transcriptionally active chromatin (6) . Using this procedure, the fractionation of globin genes from mouse erythroleukemic cell and chicken reticulocyte chromatin has been reported (1,2,3). On the other hand there is some evidence that active gene fractionation following DNase II digestion is not always found using this fractionation procedure, since at least one laboratory failed to obtain globin gene fractionation from Friend cell chromatin (7). Furthermore, except in one case where good yields of total globin gene in the active fraction are reported (1), yields are either low or unreported. The failure to obtain reproducible globin gene fractionation suggested that there might be subtle differences among the methods of chromatin isolation and/or digestion which enable some laboratories to obtain fractionation while others cannot.
It has been shown that DNase II digestion-Mg precipitation of chromatin releases a hyperacetylated chromatin fraction (8,9). Perhaps fractionation depends upon hyperacetylation, and difficulty in obtaining transcri.ptionally active chromatin is caused by the removal of the acetyl groups by the enzyme histone deacetylase. A potent inhibitor of histone deacetylase, sodium butyrate (10,11,12,13), was added to determine if it had any effect on fractionation. Using a fractionation procedure which differs slightly from the one employed in the earlier studies, the addition of sodium butyrate was found to be necessary for the reproducible isolation of a globin gene enriched chromatin fraction from chicken erythrocyte nuclei following DNase II digestion. The level of globin gene enrichment obtained by this procedure is two to five times higher than that reported in previous studies and the globin enriched chromatin was obtained in sufficient yield for biochemical characterization.
MATERIALS AND METHODS
Preparation of Erythrocyte Nuclei. Blood was taken from mature white leghorn hens immediately prior to use. The blood was drawn into syringes containing 200 mM EDTA pH 7.0 to prevent clotting (final EDTA concentration of approximately 5 mM). It was chilled on ice and the preparation was kept cold until the nuclease digestion. Erythrocytes were collected by centrifugation at 1500 x g for 5 min. The cells were washed three times in 100 mM KC1, 10 mM Tris (HC1) pH 8.0, 5 mM MgClg, 5 mM sodium butyrate pH 7.0, 0.1 mM PMSF (KTMB buffer-final pH 7.9) and were lysed in KTMB buffer plus 0.2% Triton X-100. The nuclei were collected by centrifugation at 2500 x g for 5 min. and were washed several times in KTMB plus Triton until they were white in color. They were sedimented through KTMB buffered 2.2 M sucrose at 10,000 x g for 60 min. and then washed twice in KTMB buffer and stored overnight. Prior to digestion, the nuclei were washed twice in 25 mM KC1, 10 mM Tris (HC1) pH 7.4, 2 mM MgCl 2 , 5 mM sodium butyrate pH 7.0 and diluted to a concentration of 5 mg DNA/ml (ODggg 20 = 1 mg/ml). This nuclear preparation procedure apparently washes out all endogenous nucleases and proteases since no alteration in the electrophoretic mobility of the nucleic acid or chromosomal proteins was observed when the nuclei were incubated at 37° for 45 min.
Digestion of Nuclei and Fractionation of Chromatin. Erythrocyte nuclei were digested with spleen acid DNase (Worthington) according to the digestion scheme shown in Figure 1 . Many lots of commercially prepared enzyme were found to be contaminated with proteases which degraded chromosomal proteins under the digestion conditions needed for globin gene release. Only lots of enzyme which did not produce any alteration in the electrophoretic mobility of chromosomal proteins in SDS-polyacrylamide gels were used in these experiments. Since some lots of enzyme consistently produced better yields than other lots, all the enzyme preparations used were not identical. Nuclei were digested with 150-600 units DNase/mg DNA at 37° for 45-90 min (enzyme units as described by Worthington). The high enzyme concentrations are necessary because the neutral pH and 2 mM MgCl-required to maintain intact nuclei are nonoptimal enzyme conditions. The divalent cation concentration has been reported to differentiate between soluble transcriptionally active and insoluble inactive chromatin (6). Following the digestion, the nuclei were chilled on ice for 10 min and then sedimented at 16,000 x g for 10 min. The soluble chromatin is called the released fraction. In some cases the pellet was washed in 10 mM Tris(HCl) pH 8.0, 2 mM MgCl 2 and additional soluble chromatin was obtained when the nuclei were resedimented. The two released fractions (called released fraction, and released fraction^) were pooled in some experiments and analyzed separately in others. The nuclei, together with any insoluble chromatin, is called the nuclear pellet fraction.
Purification of DNA. Chromatin fractions were adjusted to 0.5 M NaCl, 0.2% SDS, and the chromosomal proteins digested with 0.1 mg/ml proteinase K (Beckman) at 37° overnight. The DNA was sonicated and extracted twice with an equal volume of phenol and then several times with chloroform:iso-amyl alcohol (21:1). The DNA samples were incubated in 0.3 N NaOH at 37° overnight to degrade any mRNA, neutralized, precipitated from solution with ethanol several times, and resuspended in 0.1 mM EDTA pH 7.0.
Purification of Chicken Globin mRNA. Chicken globin mRNA was isolated by a procedure similar to the one described by Longacre and Rutter (14) . Reticulocytes were obtained from phenylhydrazine treated white leghorn hens. The cells were washed and subjected to hypotonic lysis and the nuclei removed by sedimentation. Polysomes were collected by centrifugation and were dissociated into ribosomes and ribonucleoprotein particles with EDTA. These components were separated on a 15 to 30% sucrose gradient (15) . The 13S globin ribonucleoprotein particle peak was collected and the proteins extracted with phenol-chloroform-isoamyl alcohol. The polyadenylated RNA was isolated by fractionating the RNA on oligo-dT cellulose. In the last step of the purification, the mRNA was separated on a 15 to 30% sucrose gradient and a 10S peak of globin mRNA was collected.
Synthesis Table 1 indicate that both fractions from the sample prepared without sodium butyrate have approximately the genomic abundance of globin. By contrast, the released fraction from the sodium butyrate treated sample has almost five times the genomic globin gene content while the pellet fraction is depleted in globin sequences.
Experiments were done to determine if the sodium butyrate was critical to the nuclear isolation or the digestion step of the fractionation. Table 1 shows an experiment in which the butyrate was removed from the isolation buffer. It is clear that the butyrate is not required during the nuclear isolation in order to obtain globin gene fractionation. Since globin gene fractionation is sodium butyrate dependent and since the butyrate is not required during the nuclear isolation, it must function during the digestion. However, it was not possible to demonstrate this point conclusively by having butyrate only in the isolation buffer. A sample isolated in the presence of butyrate but digested without it had a pellet fraction which was depleted of globin genes (data not shown). Presumably there was sufficient butyrate remaining in the nuclei despite repeated washing to maintain the nuclei in a state in which genes could be fractionated. It should be noted that small amounts of butyrate are sufficient to inhibit histone deacetylases (10, 11, 12, 13). These results indicate that in this experimental system sodium butyrate can maintain the chromatin in a state susceptible to fractionation. Additional experiments were done in the presence of sodium butyrate to determine if fractionation is reproducible and if a sufficiently high yield of globin enriched chromatin could be obtained for further studies. Another globin gene fractionation experiment is shown in Figure 2 and Table 2 . In this case, nuclei were digested with 600 units DNasa Il/mg DNA for 45 min. Slightly less than 5% of the chromatin was released from the nuclei by the digestion while less than 0.5% of the chromatin was rendered acid soluble. The cDNA excess hybridization curve (Figure 2) shows that the DNA in the released fraction was enriched 7.1-fold in globin genes, while the nuclear pellet had only 0.44 the normal content. In other similar experiments, enrichments of 4-to 13-fold were found. Failure to obtain enrichment occurred in only one of eight experiments. The maximum globin gene depletion obtained in the pellet fraction was about 40% of the original content. In the experiment shown in Table 2 , it is possible to account for 69% of the Table 3 summarizes the globin gene recoveries from the four experiments carried out in sufficient detail to permit a complete accounting. In these experiments which involve different extents of digestion, the average overall recovery of globin genes was 62%, and an average of 14% was recovered in the enriched fraction. The pH of the digest is a second critical factor in obtaining globin Figure 3 shows an SDS polyacrylamide gel of the total nuclear proteins after DNase II digestion, and of the proteins from a released chromatin fraction which was enriched 7-fold for globin sequences. The released chromatin sample was overloaded to reveal small amounts of nonhistone protein components. When the sample is run at a lower concentration, the histones appear to be present in equimolar amounts. In this experiment, the amounts of histones HI and H5 in the released fraction are similar to unfractionated chromatin. However, at an earlier digestion time the relative amount of these histones was somewhat reduced. In contrast to experiment, the mean size of the globin gene fragments was found to vary depending upon the extent of digestion. This observation suggests that the failure to recover 100% of the globin genes following DNase II digestion which was seen in Table 3 results from the degradation of the genes into small non-hybridizable fragments. Both the native and denatured DNA had similar transfer patterns indicating that the globin enriched DNA was not extensively nicked during the digestion. An autoradiogram of a transfer from an identical agarose gel hybridized to a cDNA probe made from 10S polyadenylated chicken globin mRNA which hybridizes to several globin genes in addition to the beta-globin gene revealed a pattern of globin gene fragments similar to that obtained with the cloned plasmid probe (data not shown). The similarity between the two transfer patterns confirms that the cDNA titrations shown earlier are detecting globin gene sequences.
DISCUSSION
Using the experimental procedure described in this paper, it is possible to obtain reproducibly a chromatin fraction from chicken erythrocyte nuclei which is 4-to 13-fold enriched for the globin coding sequences. The reasons for this preferential release of the globin genes from nuclei by DNase II are not known. It is assumed that a combination of the globin chromatin structure and the ionic conditions employed in these experiments render the globin coding regions preferentially excisable and/or soluble and that the structural differences between the globin coding regions and bulk chromatin reflect the transcription of these genes at an earlier time in the history of the cell. There is considerable data which suggests that the structure of transcriptionally active chromatin is more open than in active chromatin and thus would be more accessible to nucleases [recently reviewed in Mathis, Oudet, and Chambon (25)]. The preferential sensitivity of the globin genes from chicken erythrocytes to DNase I is well documented (26, 27) . It also appears that hyperacetylated chromatin fragments are more soluble in the presence of Mg than control chromatin (28).
The initial assumption was that globin gene fractionation might be related to histone acetylation and it has been demonstrated that sodium butyrate, a known inhibitor of histone deacetylase (10, 11, 12, 13), has a pronounced effect on fractionation. Other laboratories have reported globin gene fractionation from erythroid cells using a different procedure without sodium butyrate (1, 2, 3) though at least one group failed to obtain globin gene fractionation by the same procedure (7). All of these results can perhaps be understood in terms of the properties of the histone deacetylase. This chromatin-bound enzyme is inactive at low temperatures but rapidly deacetylates histones at 37° unless inactivated by an inhibitor such as sodium butyrate (21) . Previous studies have used short digestion times at room temperature in acetate buffer. Although acetate is an 8-fold weaker inhibitor of histone deacetylase than butyrate (13), it should inhibit the enzyme to some extent during the critical digestion phase. However, none of the previous studies included acetate in the steps prior to the nuclease digestion. Thus, the variability in yield and enrichment of the released fraction in those experiments may reflect the use of conditions which only marginally inhibit deacetylation. A previous study found some histone deacetylation when nuclei were incubated under micrococcal nuclease and DNase I digestion conditions (29). They found the addition of sodium butyrate prevented this deacetylation. It should be noted that the presence of polyamines or divalent cations, which are also weaker inhibitors of histone deacetylase (21) might also affect the outcome of the fractionation procedure.
The assumption that sodium butyrate effects fractionation by an inhibition of histone deacetylase has not been proved. It is possible that the butyrate may facilitate fractionation in some other way. Whatever its mechanism of action, this compound appears to be responsible for the 2-to 5-fold higher levels of globin gene enrichment and the reproducible release of a globin enriched chromatin fraction which have been obtained in this study.
Sufficient globin enriched chromatin was obtained for a biochemical characterization of this fraction. The avian globin genes are known to be organized in nucleosome-sized particles like the bulk of the chromatin (30). As might be expected from a nucleosomai type of organization, the SDS-polyacrylamide gel of the released chromatin proteins shows approximately equimolar ratios of the four core histones. Urea-acetic acid polyacrylamide gels of these proteins suggest that histone H4 and perhaps H3 are hyperacetylated. The released chromatin fraction is also enriched in some of the nonhistone chromosomal proteins. The electrophoretic mobility of several of these bands suggests that they may be HMG 1, HMG 14, and histone deacetylase. However, additional experiments will be necessary to identify components unequivocally, and to determine which ones are actually associated with the released DNA. Although previous studies characterizing the DNase II solubilized chromatin fraction have not demonstrated gene enrichment in the released fraction, the results obtained in this study are in general agreement with earlier observations. These studies found that the released fraction was composed of the four core histones but was depleted in histone HI in some cases (6,31, 32). The preferentially solubilized fraction was found to be enriched in hyperacetylated-hi stones (8, 9) and in HMGs 1 and 2 but not 14 and 17 (33) . This last observation is surprising since chicken erythrocyte mononucleosomes associated with HMG 14 and 17 are enriched for globin genes (34, 35) and actively transcribed monomers stripped of their HMG proteins can be purified by their ability to bind to HMG 14 and 17 (36). In contrast to earlier studies which found that DNase II rapidly generated slightly larger than monomer-sized nucleoprotein particles (31, 37), the globin enriched chromatin in this study is released as large fragments. These large fragments may result from the presence of hypersensitive DNase II cleavage sites around the globin genes analogous to the hypersensitive DNase I sites (27) . A more extensive digestion might result in the appearance of a ladder of DNA fragments containing the globin genes similar to that seen with more extensively digested bulk chromatin (38) . Since globin coding DNA is released as fragments larger than the 1.6 kilobases which code for the beta-globin message (23), flanking sequences are released along with the coding sequences. This paper presents a procedure for reproducibly obtaining the release of a globin enriched chromatin fraction from nucleated chicken erythrocytes. Since this procedure can release a significant proportion of the globin genes as large chromatin fragments, it should be useful for obtaining a globin enriched chromatin fraction for study of monomers as well as higher order structure.
